2D semiconducting nanosheets of Transition Metal Dichalcogenides are attractive materials for solar energy conversion because of their unique absorption properties. Here, we propose Mo thio-and oxo-thio-complexes anchored on 2D p-WSe 2 nanosheets for efficient water splitting under visible light irradiation with photocurrent density up to 2.0 mA cm -2 at -0.2 V/NHE. Besides developing high electro-catalytic activity, the Mo complexe films were shown to display ability to heal surface defects.
1-Introduction
Two dimensional transition metal dichalcogenide (2D TMDC) materials [1, 2] are building blocks of great interest for solar energy conversion [3] [4] [5] [6] because of their unique high light absorption properties [7] . While bulk materials possess large optical absorption which is greater than 10 7 m −1 across the visible range, MoS 2 monolayer possessing a thickness of ~ 0.8 nm was shown to absorb more than 10 % of light in the visible region of the spectrum [7, 8] . Films of TMDC have thus been considered for various applications including ultrathin, flexible photovoltaic devices [1, 2] and photoelectrochemical hydrogen production devices [5, 6] . The hydrogen evolution reaction (HER) was previously observed on 2D WSe 2 under visible irradiation with Pt as a water reduction co-catalyst [5] .
Considerable improvement of the photocurrent was recently achieved with an optimized Pt-Cu cocatalyst combined to defects passivation treatments [6] . Nevertheless, to make viable a large scale development of this technology, it is mandatory among others to replace precious metal catalysts with more earth-abundant materials.
Because of the ultrathin thickness of the 2D materials, small sized catalysts such as single atoms [9] or molecular catalysts are well suited to activate the 2D photo-electrodes. Besides perfect size matching, environmentally benign, low-cost (noble metal free), molecular catalysts are perfectly suited for these 2D materials because their small size facilitates infiltration into the layered 2D materials. Among molecular complexes, hydrogenase and nitrogenase enzymes with active centres consisting of Fe, Ni and Mo are nature effective catalysts for the HER [10, 11] . Indeed, MoS 2 based nanomaterials including molecular [12] [13] [14] [15] , nanoparticulates [16, 17] , nanoflakes [18, 19] , nanosheets [20, 21] and amorphous films [22] [23] [24] , were previously proposed as HER catalysts. Although MoSx amorphous film catalysts displayed thicknesses around 40 -150 nm [24] , molecularly thin films are best suited for photocatalytic applications since they minimize light shielding. Molecular Mo complexes including Mo 3 S 4 [12] , (Mo 2 S 12 ) 2- [14] , (Mo 3 S 13 ) 2- [13] , were recently developed as catalysts for the HER because they represent earth abundant alternatives for large-scale use in place of noble metal catalysts. While very few works have been reported for the catalytic activity of oxo thio complexes [25] [26] [27] , Mo thio clusters yielding high catalytic efficiency for the HER have been designed to molecularly mimic the MoS 2 edge sites. In addition, these thio -Mo-complexes have proven to display reasonable HER stability in acidic solution [13, 14] . Thus, these complexes represent ideal candidates to be coated onto 2D photoactive materials such as 2D TMDC.
Synthetic or processing routes of these complexes were largely developed in solvents such as dichloromethane [12] , methanol [13] or DMF [14] . In the context of sustainable generation of hydrogen, it is highly desirable to perform the synthesis and to process the Mo complexes in water and open air. Development of a precious metal-free catalyst, stable and active in aqueous environments [28] for the HER has been recently identified as a long term goal. One of the challenges to face during all-aqueous synthesis and film forming is the selection of photoactive species from a species distribution formed at a given pH, as a consequence of the numerous equilibrium reactions usually occurring in H 2 O. Moreover, due to hydrolysis which occurs inevitably in highly alkaline H 2 O medium, the resulting complexes distributions include both thio and oxo-thio-complexes [29] . While catalytic cycles for the HER on thio Mo complexes or clusters were largely documented [12] [13] [14] [15] , very few studies [25] [26] [27] report on the efficiency of oxo-thio groups on HER. Although the catalytic mechanism reported for the Mo=O groups in MoSx amorphous films catalysts [26] involves some redox reactions occurring on the unsaturated Mo sites (Mo(V) + e = Mo(IV)) [30] and thus requiring applied cathodic voltage, recent work [26] argues that the redox reactions of the HER mechanism involve S 2 2anions. Assessment of the photocatalytic activity of these Mo thio complexes for the hydrogen evolution reaction particularly when operating without any applied cathodic voltage should therefore contribute to shed a light onto the involved catalytic mechanism.
Increase of durability of complex catalysts minimizing their catalytic deactivation represents another crucial challenge for the large scale development of these catalysts. Chemical bonding implementation between the complex catalyst and the photoelectrode substrate can prevent complexe desorption [31] . One possible approach is to anchor Mo complexes on the WSe 2 photoelectrode via ligand interactions. While internal edge defects such as tears and pinholes can serve as anchoring sites onto the 2D materials [32] , this strategy may involve some terminal chemical units of the Mo complexes. This will require a specific design of the Mo complexes in order to preserve the active sites density, ensuring their long term catalytic efficiency. Lastly, another important challenge to face is the defect passivation [5, 33] when promoting these 2D nanosheets photocathodes. Defect healing greatly helps to decrease photo-generated charge carriers recombination thus enhancing performance of the photo-electrodes. It is therefore of great interest to explore innovative passivation routes, involving surface defects of the 2D materials interacting with terminal sulfides, or, A simple procedure was used to fabricate the WSe 2 films. Fluoride doped Tin Oxide (F: SnO 2 or FTO) coated glass substrates (SOLEMS, France) were coated by drop casting by a DMF dispersion of WSe 2 nanosheets (7.5 g l -1 WSe 2 ). After drying by air evaporation at room temperature, 1.5 -2 g cm-2 of WSe 2 were deposited after 3 successive coatings.
2-3-Co-catalyst deposition by selective dip coating impregnation
Selective dip-coating of the co-catalyst was performed by vertically immersing the WSe 2 -FTO electrode into the Mo thio complexe co-catalyst solution. The electrode was in contact with the cocatalyst solution for 6 h (or 16 h) under gentle stirring at room temperature. The electrode was then washed/rinsed by dropping the electrode into deionized water without stirring for 5 min. A typical sequence includes the three following steps: 1) 16 h impregnation-5 min washing-10 min heat treatment at 110 °C 2) 6 h impregnation -5 min washing-10 min heat treatment at 110 °C 3) 6 h impregnation -5 min washing-10 min heat treatment at 110 °C
2-4-Hydrogen measurements using Gas Chromatography.
A closed photo-electrochemical cell equipped with a three electrode set-up was used for the hydrogen detection. An argon flow rate was injected into the cell in order to transport the evolved hydrogen from the photo-electrochemical cell to the Gas Chromatograph (Shimadzu, GC-2014 AT)
allowing the real-time analysis of the composition of the gas generated inside the cell.
3-Results and Discussion

3-1-Synthesis and Characterization of a Large Variety of Water-Soluble Thio and Oxo Thio Mo Complexes Distributions.
In aqueous solutions, Mo(VI) is reduced by S 2with formation of sulfur-rich, polynuclear, di-sulfido complexes [35] . [38] were unambiguously identified in our solutions ( Fig. S1 ). Interestingly, we also demonstrate from our process route the formation of ( To clarify the respective contributions on the catalytic performances of the thio and oxo-thio complexes, DMF dispersions of pure (Mo 2 S 12 ) 2complexes were prepared following a procedure previously described [14] . Properties of these pure (Mo 2 S 12 ) 2complexes were investigated on films deposited on FTO substrates by drop casting. Let us recall that a value of  = 175 mV at j= 10 mA cm -2 was previously reported in the literature [14] for the (Mo 2 S 12 ) 2thio complex in addition with graphene. Without any graphene addition and in our experimental conditions, i.e. on WSe 2 electrodes, similar over-potential values were recorded at j= 10 mA cm -2 in a large range of mass loadings for the pure (Mo 2 S 12 ) 2thio complex as well as for our thio, oxo-thio Mo catalysts ( Fig.   S4 ). Thus, our results show that films prepared from our thio-, oxo-thio-complexes display electrocatalytic properties for the HER similar to the (Mo 2 S 12 ) 2thio complex. Although recent works on single-atom catalysts have shown superior activity, we can note that our Mo-thio, oxo-thio complexes possess catalytic activity in the range of the best Mo-S based catalysts. 
3-3-Thio-oxo-thio-Mo Complexes as Healing Catalysts for Solar to Hydrogen Conversion.
The photo-electrochemical performances of the Mo thio complexes -WSe 2 electrodes were first assessed on electrodes prepared by drop casting under intermittent illumination (1 sun, 100 mW cm 2 ). Note that all the species included in the MoxSy complexe solution are deposited by evaporation-drying in this film forming process. Low photocurrents were recorded by linear scanning voltammetry (LSV) for the whole set of films prepared in a large range of catalyst loading, 30
nanomoles cm -2 < n < 200 nanomoles cm -2 (Fig. 2) . In spite of the high electro-activity of the MoxSy catalyst films (Fig. S4) , the low photocurrent detected suggests a large charge carrier recombination, probably arising from the large concentration of surface defects usually reported for the 2D materials [33, [44] [45] .
In view of the large variety of these Mo complexes distribution solutions, each of which itself being composed of several thio and oxo thio complexes, an interesting approach would be to select the most interactive species taking benefit of the "WSe 2 -thio complexes" interactions developed in solution. Thus, we have focused on a film forming process favouring the anchorage of thio-and oxothio-Mo complexes developing high complexing interactions and high catalytic performances. Similar to a strategy previously proposed to enhance the long term stability of (molybdenum sulfide clustersdefective graphene) catalyst involving S-C covalent bonding [31] , Pt-Cu [6] . Although the two catalysts exhibit similar electro-activity as revealed from the dark currents, a larger photocurrent of 2.5 mA cm -2 is recorded onto the WSe 2 photocathode after Mo thio complexes activation vs 0.4 mA cm -2 , when activated by Pt-Cu (Fig. 4a ). Because Pt-Cu catalyst is well known to greatly facilitate electron transfer [6] , the large photocurrent improvement observed with Mo thio complexes could be assigned to a drastic decrease of recombination centres density.
In addition, while photocurrent recorded from bare WSe 2 photo-electrode exhibits current spikes typical of charge recombination and/or accumulation (positive spikes), such behaviour is completely inhibited for co-catalyst coated WSe 2 photo-electrodes ( Fig. 4b ). We can also notice a similar slope of the i(v) curves recorded under dark or under illumination for the bare WSe 2 photo-electrode. In contrast for co-catalyst coated WSe 2 photo-electrode, a different slope is clearly observed on the i(v) curve sections recorded under dark or under illumination. This slope increase is likely related to a decrease of recombination rate together with an activation of the charge transfer in line with the healing properties of the co catalyst film. An additional evidence for defects passivation was obtained from photoluminescence. Room temperature photoluminescence (PL) characterization was performed on two WSe 2 photo-electrodes with and without Mo thio-complexes catalyst impregnation. While no photoluminescence was recorded on the catalyst-free sample, we clearly observe a peak of the PL at 1.43 eV on the sample coated by the Mo-thio-complex ( Fig. 4c ). Because low photoluminescence intensity in these materials is usually attributed to defect-mediated non-radiative recombination [33] , the observed decreased recombination probability of photoinduced electrons and holes results from surface defects passivation by the thio-, oxo-thio-Mocomplexes.
To demonstrate that the recorded photocurrent could be ascribed to the hydrogen formation, we have measured the real-time hydrogen evolution by gas chromatography using a closed photo- Because our film forming process involves water-soluble Mo-complexes, a crucial advantage arising from the conversion of the Mo oxo-thio-oligomers into an amorphous solid film is its durability. This is illustrated on Fig. 4d showing a chrono-amperometric curve recorded under chopped light on a dip coated WSe 2 electrode. Moreover, XPS spectra recorded on films before and after the HER do not reveal significant change in S/Mo or r S-ter ratios. In accordance with previous works [13, 14] , our results demonstrate stability of the thio-Mo-complexes during the HER in the acidic electrolyte. Note that these first results are achieved on Mo complexes deposited on the 2D materials and we anticipate that this long term stability could be greatly improved by subsequent encapsulation in Nafion [14] .
To provide insights into the performance enhancement resulting from the thio-, oxo-thio-Mo complexes film deposition, we further assess the PEC performances of the catalyst film and examine its electronic behaviour. Electrochemical Impedance Spectroscopy (EIS) measurements were performed on coated and non-coated WSe 2 photo-electrodes using a MoxSy catalyst film to provide an experimental evidence of the decrease of the charge transfer resistance resulting from the cocatalyst film deposition. Typical Nyquist plots are presented in Fig. S8a and S8b, respectively for bare and for coated WSe 2 electrodes under illumination at different potentials. One can notice that no important variation is observed for the bare electrode oppositely to the coated WSe 2 , for which a decrease of the low frequency loop occurs with electrode polarisation. As a result, it is highly likely that the low frequency electrode impedance is driven by the charge transfer resistance [47] for the To get a better insight regarding the charge process within the different electrodes, an equivalent circuit has thus been proposed taking into account the different time constants. We propose to use a string of three Z arc (see details in Fig. S8e ,f, Supp. Info) in series with series resistance (R S ), the latter standing for the electrolyte resistance. Each Z arc has been ascribed to different processes Z arc (1) for the so called bulk impedance, -the electric impedance of the electrode-Z arc (2) for the impedance relative to the surface states [47] or recombination process and Z arc (3) for the interface impedance (charge transfer resistance together with the interface capacitance). In Table S1 Fig. 5a showing no significant changes. Because these capacitance values give a good estimation of the electrochemical surface area, the nearly constant values of the interface capacitance determined for both electrodes indicate that the impedance of the interface is mainly driven by charge transfer and recombination resistances. From these data it has been extracted two kinds of resistance, one is ascribed to recombination processes, the other to charge transfer (Fig. 5b) . As described in Supp. Info., a series equivalent circuit have been chosen meaning that the limiting step is dictated by the higher resistance. In this model, the more there is charge carriers recombination, the higher will be the resistance, denoted R rec . As it can be noticed, the coated WSe 2 electrodes display overall resistance valuesthe sum of the two resistances -always lower than those determined for the bare WSe 2 electrodes. Having a closer look to the respective resistances, one can notice the R rec of the coated WSe 2 is always one order of magnitude below the charge transfer resistance one which makes the latter drives the electrode kinetic. For the bare WSe 2 electrode, the two resistance values are closer and could explain why the impedance of this electrode is less sensitive to the electrode polarisation since the recombination is a non-negligible part of the whole electrode process. As a result, all our observations suggest that the limiting step determined for the bare electrode would be charge recombination while predominance of charge transfer for the coated electrode strongly indicates surface defect passivation by the co-catalyst film.
To better ascertain the functionalities displayed by the various layers building up the photocathode, the electronic properties of the co-catalyst film were next assessed. The semiconducting property of the catalyst film was revealed from UV-Vis absorption spectra (Fig. S9) To construct the band energy diagram of thio-, oxo-thio Mo complexes co catalyst film and WSe 2 , we have determined the band gap of p-WSe 2 films formed from our exfoliated nanoflakes (Eg = 1.45 eV).
Using the previous optoelectronic properties determined for the co-catalyst film, and a conduction band energy level of -0.45 V vs NHE [48] for the WSe 2 nanoflakes film, the band energy diagram (Fig.   5d ) clearly shows that the n-MoxSy co-catalyst film is suitable for ensuring efficient charge separation and migration of the photo-induced electrons from the p-WSe 2 photo-electrode to produce hydrogen.
In addition to develop a high catalytic activity, the multicomponent co-catalyst film was shown to exhibit multiple advantages. The Mo complexes co-catalyst film possesses a n-type semi-conduction yielding a p/n junction resulting in increased band bending [49] . More interestingly, the co-catalyst film is able to heal photo-electrodes displaying high surface defects density such as 2D WSe 2 nanoflakes. Although the multicomponent character make complex the film composition and structure, respective roles of the various complexes as healing additives and catalyst were explored on model Mo thio-complexes and supported by DFT calculations.
3-5-Insights into the Respective Roles of Mo Monomers and Mo Thio-, Oxo-Thio Complexes as Healing
Additives and Catalysts. electrodes coated exclusively with pure (Mo 2 S 12 ) 2prepared in DMF as previously described in the literature [14] were thus investigated in a large range of catalyst loadings (30 < n nanomoles < 500).
Large current densities up to 10 mA cm -2 at -0.4 V vs NHE in the range of the best current densities recorded on films prepared from our water-soluble thio Mo complexes were achieved with pure (Mo 2 S 12 ) 2highlighting the high electro-catalytic activity displayed by this complex. Concerning its photo-catalytic properties, the photocurrents recorded on pure (Mo 2 S 12 ) 2films remain significantly much lower than those observed on films fabricated by dip coating from our oxo-thio Mo complexes solutions (Fig. S10b) . Therefore, the higher photocurrent densities up to 2 mA cm -2 at -0.2 V vs NHE recorded on our films highlight the beneficial effect of the Mo thio monomers or oxo-thio complexes compared with pure (Mo 2 S 12 ) 2to heal the 2D WSe 2 surface defects.
To support these findings, DFT calculations of adsorption energies and catalytic activity of the various Mo complexes were performed. As previously discussed, the various molecular structures can occur either as a reticulated polymer or as isolated building blocks. Moreover, no significant evolution was observed on the Raman spectra recorded before and after acid soaking or HER cycling (Fig. S7) revealing no changes of structure or composition of the thio-, oxo-thio-Mo complexes during the HER in acidic solutions consistent with previously results reported in the literature [13, 14] . From all these results concerning the film composition, as a primary screen, we have investigated the roles of free- [6] , large scale defects such as tears [32, 52] or point defects such as Se vacancies, W vacancies [53] . Typical point defects of the WSe 2 substrate, namely Se-vacancy and W-vacancy are known to be electron acceptors [53, 54] with formation energy we have determined respectively of 2.6 and 5.3 eV. Note that these vacancies always yield very small atomic reorganization with stretching of the W-Se bonds less than 0.1 Å (Fig. S11) into the film structure describing respective proportions of healing and catalytic additives as well as the detailed conformation of the polymer and the complexes inside the film remain to be elucidated.
3-6-Implications for the Hydrogen Evolution Reaction Mechanism.
Different scenarios are proposed to date for the Hydrogen Evolution Reaction catalytic cycles on Mo thio complexes especially in the presence of M=O moiety [26] . More particularly, the HER catalytic cycle reported in the case of high performance amorphous MoSx films prepared by electrodeposition involves unsaturated Mo(IV) and Mo(V) sites with transient formation of the M=O moiety during the catalytic cycle. In another study concerning the same material, the catalytic cycle is shown to involve the S 2 2--> S 2redox reaction [26] . In recent works [25, 26] dealing on MoO(S 2 ) 2 (2,2′-bipyridine) as oxo thio Mo model molecule, a H 2 evolution catalytic cycle involving a hardly attached M=O moiety which functions as a proton relay is proposed for the HER reaction. In this catalytic mechanism, the S 2 2anion represents the redox centre associated with a Mo(V) site. Note that these various catalytic cycles were proposed for the hydrogen electrocatalytic evolution reaction. A crucial difference between the photocatalytic vs electrocatalytic electrochemical water decomposition, is the shift of potential arising from the solar energy harvesting. This shift towards lesser cathodic potentials does not favour the Mo(V)-> Mo(IV) reduction which is reported to occur at -0.3 V /NHE in slightly acid medium [30] . Because hydrogen evolution in our photocatalytic experiments does not require any cathodic pre-activation nor the high cathodic potentials for the Mo(V)-> Mo(IV) reduction, we believe that our photocatalytic cycle for the HER implies terminal S 2 2-.
This work should pave the way to further design a larger range of environmentally-friendly, aqueousstable, multicomponent [58] , catalytically active passivation layers made of thio-, oxo-thio-Mo complexes. Besides developing catalytic activity and healing property, these multicomponent films with a n-type semi-conduction along with its suitable optoelectronic properties were shown to improve charge separation and migration for the HER thus providing an example of engineering of multicomponent, passivation layer displaying multiple properties.
While this work was focused on 2D WSe 2 materials which possess a considerable surface defect density, use of these highly interactive, oxo-thio, molecular complexes could be extended to passivate surface defects of a larger range of high surface area photo-electrodes like p-WS 2 or p-MoS 2 for the HER. Further developments could also be anticipated with the design of M doped-Mooxo-thio-complexes [59] , where M= metallic cation [24] , rare earth elements [60] , especially to achieved lower cathodic HER onset potentials or higher catalytic activity in neutral aqueous electrolytes. Indeed, because of their ability to absorb a significant fraction of the solar spectrum using ultrathin films, 2D TMDC materials (p-MoS 2, p-WS 2, p-WSe 2 ) displaying various band gaps and onset potentials for HER [48] represent ideal photocathode candidates for the engineering of photoelectro-chemical tandem cells [61] .
4-Conclusions
Co-catalyst films composed of Mo thio-and oxo-thio-complexes which spontaneously 
Methods.
The experimental details can be seen in the Supporting Information.
